Rainfall is one of the most important factors contributing to landslides, and gentle bedding incline, high-rainfall induced landslides are common throughout the world. Field observations and theoretical analyses have been used to assess slope instability caused by permeability variation. In this study, the influence of rainfall infiltration on gentle bedding incline slope behaviour was investigated using a centrifuge physical simulation test. The magnitude, pattern and development of pore water and earth pressure at the interface; the shear failure surface features; and the corresponding deformation and failure processes were considered. A model with interbedded sand and mud was created, and a centrifuge was used to simulate both natural and rainfall conditions. The weak intercalation was composed of single-material silty clay, and the landslide mass was composed of red-bed sandstone. A combination of photography, pore water pressure measurements and earth pressure measurements were used to examine the relationship between the pore water pressure, earth pressure and failure modes. When the slope experiences overall instability, the curves of the earth pressure and pore water pressure dramatically decrease. The results reveal that the failure shear surface largely depends on the differential creep caused by the properties of the rock mass and the rainfall infiltration.
Introduction
Landslides are common geological events around the world that often result in many casualties and large economic losses. China has one of the highest inci-caused many casualties and considerable economic losses.
Rainfall-induced landslides often occur in soil slopes over shallow, impermeable bedrock due to a rise in the water table from rainfall, which accelerates the slope failure process [4] [5] [6] . The unit weight of the soil increases, and water pressure in the pores increases as the rainfall infiltrates, and both factors contribute to the occurrence of a landslide [7] [8] . Son Nguyen et al. used probabilistic analyses to assess the stability of unsaturated soil slopes exposed to rainfall [9] . G. Fausto et al. identified the rainfall conditions that triggered landslides using cumulative and continuous rainfall data, combined with detailed information regarding the time of the landslide occurrence [10] . F. Mario and B. Francesca proposed a modification of the conventional threshold model to assess the probability of rainfall-induced landslide reactivation [11] . D. N. Se'rgio et al. focused on pore water pressure generation in soils with different permeabilities and corresponding slope failure modes [12] . In existing landslides, heavy rainfall during the rainy season can trigger rapid acceleration, but slow creep displacements can be observed throughout the year [13] . Fan et al. [14] suggested that hydrostatic pressure can be responsible for landslide initiation, based on stability analyses and laboratory scale models. Although many studies have focused on rainfall-induced landslides, studies on the deformation and failure process of rainfall-induced landslides have mainly concentrated on soil landslides, as opposed to gentle bedding incline landslides, on which fewer studies have focused.
Physical modelling plays an important role in understanding landslide triggering mechanisms and is performed to validate theoretical and empirical assumptions [15] . The theories and concepts of centrifuge modelling have been described in various papers. This method has been widely used in geotechnical phenomena research [16] [17] . The concept of simulating rainfall in centrifuge slope model tests was introduced in the early 1990s considering the soil moisture content conservation [18] . Kimura et al. [19] performed centrifuge tests of slope models made of sandy loam to investigate the effect of heavy rain on their stability. Matziaris et al. [20] presented three series of centrifuge model tests on soil slopes to determine the rainfall characteristics that cause soil slope failure initiation with respect to soil properties and slope geometry. Although many studies have focused on this topic, the centrifuge simulation tests have mainly focused Open Journal of Geology on soil landslides; few studies have attempted to simulate the deformation and failure processes of bedding rock landslides using centrifuge tests.
In this paper, the deformation and failure processes of smooth, gentle bedding incline rainfall-induced landslides are investigated using centrifuge physical simulation testing in both natural and rainfall conditions. In particular, this study focuses on the 1) magnitude, pattern and development of pore water and earth pressure at the interface; 2) the slope response in terms of the failure mode, including specific details, such as the exact location of the shear surface; and 3) the deformation and failure process of rainfall-induced landslides.
Experimental Methods
In this section, the similarity ratio is described first, followed by a description of the experimental material. Then, the experimental equipment and measurement devices are presented. The variable factors and experimental procedures are also discussed.
Similarity Ratio
Mathematically speaking, similarity refers to the fact that two figures have exactly the same shape, one of which can be transformed into another by zooming in, zooming out, panning or rotating. Rock and soil behaviour depends on its stress level and stress history, and the in-situ stress varies with depth; thus, these features must be replicated during centrifuge modelling. In the scaled physical model, gravity must be simulated by using a centrifugal machine if gravity cannot be neglected [21] . Compared to common solid mechanics problems, an additional independent variable, ρg, is considered in the slope displacement, stress and strain distribution functions. These physical quantity distributions are functions of the length, soil material properties, forces (including the body force and surface pressure), and coordinates.
Gravity can then be simulated using centripetal acceleration in the centrifugal model.
( )
where subscript indices m and p represent the scaled centrifugal model and the prototype, respectively. v is the rotation velocity, and R is the rotation radius.
One of the most common reasons for rainfall-triggered landslides is static liquefaction [22] . The internal mechanism of static liquefaction is an abrupt increase in pore pressure [23] , which reduces the soil shear strength and leads to slope instability. Thus, when analysing rain-reduced landslides, the seepage force should be considered in a slope similarity analysis. The seepage velocity, seepage force and seepage time scaling laws are analysed in this section.
The seepage velocity is determined by Darcy's law:
where u is the seepage velocity, k is the coefficient, i is the hydraulic gradient, Δh is the hydraulic head loss, Δl is the seepage distance between particles in the microstructure, and γ mp is the ratio of the centripetal acceleration over the gravitational acceleration during the critical instability state.
For the seepage force:
where J is the seepage force vector, ρ w is the density of water, and e is a unit vector in the seepage direction.
The seepage time can be obtained by the ratio of the length over the seepage velocity:
In this research, the centrifuge slope model is based on a prototype model of the Huashengdi landslide located in Yiliang County of Yunnan Province, China, which was a rainfall-induced landslide. The landslide was approximately 780 m long east to west, with an average slope gradient of 15%. The full landscape and landform of the landslide are shown in Figure 1 . Bedrock in the Huashengdi landslide area is composed mainly of Middle Jurassic (J 2 sn) Shuining Formation (purple-red sandstone and sandy mudstone interbedded). The bedrock of the study area is composed of alternatively layered hard rock (sandstone) and soft rock (strongly weathered mudstone); the weak interlayer is formed of strong weathered mudstone under the action of water. All experiments are arranged in 15-degree slope layers, and divided into three layers: basement rock, a masonry slope with a stable and rough-cemented surface; weak intercalation, single-material silty clay; and the landslide mass, red-bed sandstone. In situ red-bed sandstone blocks and clay interlayer are used to simulate the layers, so the density and elasticity modulus similarity ratios of the landslide mass are equal to 1, and the density and elasticity modulus similarity ratios of weak intercalation are 1.54 and 1.21, respectively. The length of the Huashengdi landslide was 780 m, and the maximum acceleration in the centrifuge test is 150 g. According to the formulas above, the detailed experimental similarity ratios are shown in Table 1 . 
Material
The main factor affecting the mechanical properties of the weak intercalation is the moisture content; thus, the following considerations were adopted to determine the moisture content: 1) the C and φ values were determined from direct shear tests and 2) the C and φ values were input into GeoStudio for slope stability analysis. Four groups of experiments were performed to determine the moisture content ( Figure 2 ), and the moisture content that was the most adverse to slope stability was chosen as the primary moisture content. In those tests, the material of the weak intercalation is clay and the direct shear tests are performed on samples compacted at dry and wet moisture contents (w = 5%, 15%, 20% and 25%). The results indicate that the material's cohesive force of weak intercalation fluctuates with moisture content changes (within a certain range); When the moisture content is equal to 15%, peak cohesion value is obtained, and the moisture content called optimum moisture content. On the dry side of the optimum moisture content (w = 5%), cohesion tends to decrease due to clay aggregation, which leads to soil granulation. The cohesion reduction on the wet side (w = 20% and 25%) is caused by the formation of thicker water films around clay particles in the clay-water system [24] . The internal friction angle of the weak intercalation material decreases with increased moisture content ( Figure   2 ). Below the optimum moisture content, when the clay is relatively dry (w = 5%), matric suction produces a resistance to slippage at the contact points between the aggregates. However, the role of clay aggregates on the frictional Open Journal of Geology Figure 2 . To minimize the interference between the sensors, we set them at a distance of no less than 6
times their radius from each other. Furthermore, to ensure that the pore water pressure was measured correctly, the space between the head of the transducer and cap was filled with water to avoid entrapping air bubbles. The transducers
were calibrated before each test by submerging them in a tank of water at a depth of 10 cm and recording the corresponding values. In every test, the positive pore water pressure and earth pressure were recorded, and the failure mode was observed by photographs with a high-speed video camera (Figure 3 (a) and 1) The centrifugal acceleration increased from 0 g to 20 g, the rock and soil mass was tightly compacted, and the man-made inhomogeneity during the model-making process was adjusted.
2) After the rock and soil mass became tightly compacted, the acceleration was increased to 50 g. After the centrifuge reached a stable state, the acceleration was increased to 100 g, during which any settlement cracks were observed.
3) The acceleration was then increased from 100 g to 120 g. For the rainfall condition, the first artificial rainfall was performed with the rainfall infiltrating from the top of the upper layer to the weak intercalation.
4) The acceleration was then increased from 120 g to 140 g. For the rainfall condition, the soil of the weak intercalation was softened.
5)
The acceleration was increased to 150 g, and a uniform rotation was maintained until the slope failed. For the rainfall condition, there was continuous rainfall before and during landslides.
6) The high-speed video camera recorded the failure process.
Results and Deformation and Failure Process

Results
For convenience, the results are analysed in both the natural operating condition and the rainfall condition, with each condition maintaining the same layer position and infiltration direction. In this study, failure is defined when slope deformation is observed by the unaided eye. Under natural conditions, the slope exhibited a small tensile crack parallel to the alignment of the landslide, which created ladder-type damage; however, there was no clear downward offset (Figure   4 (a) and Figure 4(b) ). However, for the rainfall conditions, the slides occur within a short period of time, and the tensile fractures at the rear of the slope body are obvious ( Figure 5(b) ). In addition, the sandstone in the lower layer largely breaks off (Figure 4 (c) and Figure 4(d) ).
Deformation and Failure Process
This section describes the deformation and failure process of the landslide model in the rainfall condition. The experimental process illustrates that the slope first experienced consolidation and sedimentation before tensile cracks appeared at the trailing edge. These tensile cracks developed inward as the slope deformation and an extrusion front, secondary crack developed toward the leading edge of the slope (Figure 6(d) ), and the sandstone in the lower layer formed shear cracks at the same time. 
5)
Overall instability stage. After the extensive development of secondary cracks and shearing out in the front edge, total shear failure began to develop, and the overall instability of the slope emerged. After this, the sliding process finished within a short period of time ( Figure 6(f) ).
Discussion
The main objective of our experiment was to examine the deformation and failure processes of smooth, gentle bedding incline, rainfall-induced landslides, particularly focusing on the magnitude, pattern and development of the pore water and earth pressure at the interface, and the slope response in terms of failure mode, including specific details, such as the exact location of the shear surface.
Earth Pressure and Pore Water Pressure
Natural Condition
The earth pressure consistently increased with increases in the centrifugal accel-Open Journal of Geology eration during the centrifugal loading. This increasing trend of measured values at gauge #3 was greater than the trend at gauge #2, and the trend at gauge #2 was also greater than that at gauge #1 (Figure 7(a) ). This result illustrates that the landslide thrust was continuously extruding toward the leading edge, which induced an increase in the value of the earth pressure measured at the leading edge.
Deformation and cracks will contribute to pore water runoff, so if deformation or cracks occurred in the slope, the pore water pressure will obviously decrease. The measured pore water pressure at gauge #1, located on the left side of the trailing edge of the landslide, fluctuated considerably, indicating that there was continuous sedimentation or deformation. Following the test, we observed a small crack near the left side of the trailing edge of the landslide body, which was the most obvious one of the entire experiment. However, because this crack was located near the border, the fluctuation of the curve may also be related to border effects. The pore water pressure increased with increasing centrifugal acceleration during centrifugal loading at #2 and #4, but it began to decrease after the centrifugal acceleration reached 150 g. The pressures at #3, #6 and #5 reveal that the slope deformed locally (Figure 7 (b) and Figure 7 (c)) because deformation leads to water loss and a pore water pressure decrease.
Rainfall Conditions
In the course of this test, the relationship between the earth pressure and the centrifugal acceleration was measured, as shown in Figure 7(d) . The measured values of the earth pressure increased continuously with increases in the centrifugal acceleration during centrifugal loading. For the water pressure, no significant decreasing trend appears in the curves, and the pore water pressure continues to increase with the rainfall (Figure 7 (e) and Figure 7 (f)). The earth pressure and pore water pressure curves experienced a sudden decrease at t = 2680 s. Compared with the trend in the pore water pressure curves with time in the natural operating condition model, this shows that the permeation of rainfall into the landslide area increased the water pressure in the cracks.
Failure Mechanisms
Direct shear tests on the weak interlayer were carried out to see the difference after the centrifuge test. Comparing the results, a marked difference is observed between the values measured in the direct shear tests. The results show that the soil strength not only decreased in the rainfall condition but also decreased in the natural condition. The unsaturated soils are becoming saturated due to rainfall infiltration, and the shear strength is weakened because matric suction decreases. However, the strength of unsaturated soil (after the centrifuge test) was also smaller than Open Journal of Geology that was not experienced the centrifuge test. What's more, after the experiment, there is no breaking off in the surface sandstone, whereas the sandstone in the lower layer largely breaks off. Thus, the squeeze damage mainly occurred in the contact surface area of the weak intercalated layer and sandstone (Figure 4 (c) and Figure 4(d) ). The interesting phenomenon reflects that a slow creep process happened in the slope with the soil strength decrease, which led to the small tensile cracks that developed, but the slope remained basically stable. With rainfall penetration, the slope creep increased, and the small cracks also developed further. Finally, the persistent rain will trigger the deformation of the slope's rapid acceleration in a short time, and the overall slope slid suddenly. Extensive plastic deformation occurs in the weak intercalated layer because silty clay is a low-intensity soft rock, and it softens when exposed to water. In contrast, sandstone exhibits significant brittle deformation because it is a hard rock with high strength. Under the effect of centrifugal force, high-dip joints formed in the thick sandstone layer due to differential creep. Head pressure was generated when the surface water infiltrated down along the joints, which produced a dilatancy effect and accelerated the differential deformation of the weak intercalated layer, sandstone and extension of high-dip joints, giving rise to early slope crack formation. The weak intercalated layer generated a stress concentration under the centrifugal force, forming an interlayer shear zone, and as a result, the structural connection was broken as joint fissures developed. Then, the artificial rainfall continued after 150 g, and the rainfall infiltration caused already-shattered sandstone blocks to fracture further under the effect of fissure water pressure, and the sliding force also increased in saturated conditions. Additionally, the weak intercalated layer continued to soften in water, resulting in further strength decreases.
Conclusions
Gentle bedding incline, rainfall-induced landslide deformation and failure proc-esses and mechanisms were examined via a centrifuge physical simulation test.
For weak interlayer soil, the reduction of the cohesion on the wet side of optimum moisture content is attributed to the formation of thicker water films around clay particles in the clay-water system. Whereas the internal friction angle of the weak interlayer soil decreased with increases in the moisture content.
Below the optimum moisture content, the clay is relatively dry, and matric suction seems to generate a resistance to slippage at the contacts between the aggregates. However, the role of clay aggregates on the frictional behaviour of the clay is substantially reduced at approximately the optimum moisture content.
The deformation and failure processes of the landslide model were divided into five stages: 1) overall sedimentation; 2) tensile crack formation at the trailing edge; 3) development of secondary cracks at the leading edge; 4) shearing out in the front edge; and 5) overall instability.
A tensile crack appeared at the trailing edge due to the centrifugal force and then rapidly expanded. Tensile crack penetration occurred at the top of the slope, and as the width of the tensile crack increased, the tensile crack developed into a main crack. Except for the overall instability of the slope, the sandstone in the lower layer largely breaks off. The failure shear surface largely depends on the differential creep caused by the properties of the rock mass and the rainfall infiltration. An initial stage of slow sliding occurs. The landslide was induced by permeation of rainfall, which generated an unbalanced sliding force and decreased the shear resistance of the sliding zone soil. Early rainfall infiltration followed by a subsequent heavy rainfall is necessary to initiate landslides in gently inclined beds. Open Journal of Geology 
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